Streptococcus mutans BHT was grown in a synthetic medium containing radioactive thymidine to monitor deoxyribonucleic acid release. Kinetic experiments demonstrated that although lysozyme alone could not liberate deoxyribonucleic acid, cellular deoxyribonucleic acid was liberated from lysozyme-treated cells by addition of low concentrations of inorganic sodium salts. When the salts were tested for their ability to dislodge cell-bound tritiated lysozyme, the extent of the initial release of enzyme by individual anions correlated with the anion potency for deoxyribonucleic acid liberation (SCN-> Cl04 > I > Br > N03 > Cl-> F-), although the total amount of lysozyme dislodged did not correspond directly with cell lysis. Differences in the effectivenesses of anions (SCN-, HC03-, Cl-, and F-) in potentiating cell lysis could be enhanced or minimized by varying the lysozyme, anion, and bacterial cell concentrations. As the anion concentration was increased for each enzyme concentration and cell concentration, the lysis increased, in some cases markedly, until maximum levels of released deoxyribonucleic acid were attained. The maximum levels of lysis for SCN-and HCO3-were similar and were greater than those for Cl-and F-. In addition, the maximum levels were observed to increase for each of the anions as the concentration of lysozyme increased.
Several investigators have reported that certain gram-positive microorganisms which are normally resistant to the lytic action of hen egg white lysozyme (EC 3.2.1.17) (HEWL) undergo gross cellular lysis in the presence of HEWL and either an inorganic salt, usually NaCl, or sodium dodecyl sulfate (4, 8, 13, 14, 16, 22, 25, 26) . In two of these reports, the sodium salts of fluoride, chloride, bromide, and iodide were compared for their effects on bacteriolysis (8, 22) . Each of the studies demonstrated that I-> Br-> Cl-> Fin effecting cell lysis. The investigators concluded that the radius of the anionic moiety appeared to be of cardinal importance in the lytic reaction. These pioneering studies (8, 22) emphasized the importance of electrostatic effects, and their conclusions were based on the presumption that the order of salt effectiveness reflected the ability of HEWL to gain access to its substrate, the cell wall peptidoglycan, and lyse the cells. Preliminary investigations with additional anions, other than halides, have suggested a consideration of cell membrane interactions in that the sequence of anion potencies in the lysozyme lytic system follows a lyotropic series (25) . The lysis effects noted with halides by previous investigators may therefore be due to both electrostatic and hydrophobic interactions.
Detailed studies of the bacteriolyses of a variety of microorganisms exhibiting different degrees of susceptibility to lysozyme and inorganic salts are required to ultimately understand the mechanism of cell lysis. The main purpose of this study was to determine the effects of anion, HEWL, and cell concentrations on the lysis of Streptococcus mutans BHT in order to begin to acquire information on the lytic sensitivity of oral bacteria. Since some of the anions, such as chloride, fluoride, thiocyanate, and bicarbonate, are readily detectable in saliva where lysozyme is also present (15, 20) , a study of the effects of anion concentration on the lysis of oral bacteria would be physiologically relevant in terms of possible in vivo antibacterial effects. A second purpose of our studies was to provide preliminary information concerning the degree of involvement of lysozyme in the lytic process. The enzyme may be required only to bind to the cell surface and thereby set in motion the initial preparatory stages of salt lysis. Alternatively, lysozyme may play an integral part in the ensu Tritiated HEWL. HEWL (3x crystallized; Sigma Chemical Co., St. Louis, Mo.) was subjected to tritium gas, and the labeling reaction was initiated by microwave or electric discharge activation (Vega Biochemicals, Tucson, Ariz.). After lyophilization to remove labile tritium, HEWL was purified to a specific activity of 11 ,uCi/mg by a combination of gel filtration and ion-exchange chromatography (26) . When compared at identical concentrations, [3H]HEWL was as active in hydrolysis of Micrococcus lysodeikticus as similarly purified unlabeled HEWL (26) . The concentrations of unlabeled HEWL and labeled HEWL were determined from the extinction of E'1m = 26.9 at 280 nm for HEWL (17 11 ,tCi/mg, 10 .74 mg/ml) and unlabeled HEWL were added to a total final concentration of 143 jig/ml, and samples (1 ml) were withdrawn for radioactivity determination. Incubation was continued for an additional 3 h, after which 1-ml samples of the cell suspension were distributed into screw cap tubes (13 by 100 mm) containing 140 pl of sodium salts.
Immediately upon addition, the tubes' contents were blended vigorously in a Vortex mixer for 30 s and then incubated in blood tube rotators with end-over-end mixing. During the subsequent 3-h incubation, the tubes' contents were blended in a Vortex mixer every hour. At designated times over the entire course of the incubation, samples were processed by first removing 0.1 ml from each tube for total counts of 3H and 14C radioactivity (mark III liquid scintillation counter; Tractor Analytic, Austin, Tex.) and then centrifuging the remaining sample at 2,100 x g for 20 min at 4°C (PR-6000 centrifuge; Intemational Equipment Co., Needham Heights, Mass.). Resultant supernatants (0.1-ml aliquots) were similarly quantitated by doublechannel counting, using a cocktail consisting of 1 Fig. 1 and 2 ). Addition of [3H]HEWL alone did not seem to effect cell lysis; however, subsequent treatment with 0.097 M NaSCN resulted in >90% release of ['4C]thymidine from the cells (Fig. 1) . The thymidine was released only to a minimal extent in the free forn or as a small-molecular-weight nucleotide derivative. More than 90% of the ['4C]thymidine label was isolated in the void volume Sephadex G-25 columns and was precipitable with 10% trichloroacetic acid. When cell suspensions were quantitated for DNA by trichloroacetic acid precipitation followed by the diphenylamine colorimetric assay, identical results were obtained. If 0.097 M NaCl was added to HEWL reaction mixtures, efflux of DNA was barely apparent (Fig. 2) . At the concentration of HEWL (143 ,ug/ml) used, 75 added to reaction mixtures under these experimental conditions, there was an immediate dislodgment of HEWL from the bacterial cell. NaSCN proved to be more effective than NaCl at 0.097 M in the dislodgment process, as loss of cell-bound HEWL was greater in the presence of the thiocyanate anion ( Fig. 1 and 2 ).
Demonstration of gross cellular lysis by electron microscopy. To further confirm that gross cellular lysis with release of intracellular macromolecules had actually occurred, cells treated with HEWL and sodium thiocyanate were examined by electron microscopy. Figure  3 illustrates a virtually complete absence of normal, intact cells in the HEWL-NaSCN preparation. A large number of cells appeared to have completely lysed and had exploded their cytoplasmic contents, yielding plasma membrane ghosts, cell wall fragments, and cytoplasmic debris (Fig. 3) . The outer surfaces of other cells were extensively damaged and appeared to have lysed partially (Fig. 3) . In the presence of HEWL but in the absence of salt, the large majority of bacterial cells appeared to have maintained their cell shape (2), as cell lysis was dependent upon NaSCN addition (Fig. 3) .
Kinetics (Fig. 4) . Although thiocyanate was superior, addition of perchlorate or iodide to HEWL reaction mixtures resulted in a significant release (approximately 65 or 55%, respectively) of the DNA from the cells (Fig. 4) . In contrast, both chloride and fluoride were apparently ineffective at the concentration tested (Fig. 4) [3H]HEWL dislodgment was also dependent on the NaCl concentration. Figure 5 illustrates that higher concentrations of NaCl caused more HEWL to be released from the cells during the first minute of incubation. At the end of the incubation period, the levels of released HEWL varied directly with the NaCl concentration (Fig. 5) . Turbidimetric assays for lysis and dependence on the nature of the anion. Previous studies have demonstrated that S. mutans BHT aggregates in the presence of lysozyme (26) . Aggregation was monitored spectrophotometrically, and HEWL addition resulted in increased bacterial suspension turbidity as reflected by an increase in optical density (data not shown). In the absence of HEWL, the optical density remained constant. Previous work also demonstrated that lysozyme-aggregated cells could be clarified by NaCl addition (26) . Figure  6 indicates that other anions could behave similarly to NaCl. Moreover, the decrease in turbidity varied directly with the anion, and, in order of effectiveness, we observed the series to be SCN-> Cl04-> I-> Cl-> F- (Fig. 6) .
Dependence of bacteriolysis on HEWL, anion, and cell concentrations. sodium salts: NaSCN, NaHCO3, NaCl, and NaF. The results are depicted in Fig. 7 and 8 for the two bacterial cell concentrations tested. In agreement with the results of the kinetic experiments ( Fig. 4 and 5 Effects of inorganic salts on light absorbance properties of HEWL-aggregated S. mutans BHT. After 3 h of incubation with unlabeled HEWL (final concentration, 143 aig/ml), aggregated bacterial cells (2 ml) were placed in stirred cuvettes (Spectrostir setting of 7.5) at 37°C in a Gilford spectrophotometer. Optical density decreases were recorded at 700 nm upon addition of 280 ,ul of NaF (A), NaCl (B), NaI (C), NaClO4 (D), or NaSCN (E) at a final concentration of 0.097 M.
however, maximum lysis was not observed for Cl-and F-at higher HEWL concentrations (Fig.  7C and D and 8C) . Maximum levels of lysis also varied for the four salts tests, with Cl-and Falways found to be less effective than SCN-and HCO3 ( Fig. 7 and 8 ). Marked changes in the lysis patterns were noted as the salt concentrations were varied from 0.036 to 0.115 M. For a given cell concentration, this large change in the amount of lysis with anion concentration occurred at higher (Fig. 7C and D and 8C ) as compared with lower ( Fig. 7A and B and 8A and B) HEWL concentrations. Higher HEWL concentrations yielded more lysis than did lower HEWL concentrations at concentrations of anions resulting in maximum or plateau levels of cell lysis; however, less or no lysis was observed with higher HEWL concentrations at 0.036 M salt (for a particular cell concentration), whereas lysis was achieved at this salt concentration with lower HEWL concentrations (all four anions behaved similarly) ( Fig. 7 and 8) . When concentrations of salts greater than 0.036 M and less than plateau concentrations were used, the nature of the anion and the concentrations of HEWL and bacterial cells were important in the determination of whether a lower HEWL concentration would yield greater lysis than a higher HEWL concentration (Figs. 7 and 8 ).
DISCUSSION
The selective effects of anions in biological systems have been explored extensively by numerous investigators (31) . Anion potency varies according to the particular system under study and is dependent upon the effects of the anion on macromolecular structure (30) . When S. mutans BHT was reacted with high concentrations of lysozyme and 0.097 M sodium salts, cell lysis was found to be dependent upon the nature of the anion, and, in order of effectiveness, a Hofmeister, or lyotropic, series emerged, with SCN-> C104-> I-> Br-> NO3-> C1 > F (Fig. 4 and Results). However, as the anion, HEWL, and cell concentrations were varied, it was found that the observed differences in lysis elicited by chloride and fluoride and by thiocyanate and bicarbonate could be minimized ( Fig. 7 and 8 tions (12, 30) . In the S. mutans BHT lytic system, the anions are observed to dislodge bound HEWL (Results and Fig. 5 ) and therefore could influence the interaction of lysozyme with wallor membrane-specific sites (25) and conceivably could dissociate other structures, e.g., autolysins, to activate the lytic process. Activation of autolytic enzymes by high concentration of inorganic salts alone has been proposed previously (9) , and cell-bound HEWL may in some way lower the salt concentration required for autolysis in the S. mutans BHT lytic system. A discussion of the effects of HEWL on the hydrolysis of cell wall peptidoglycan and of the possible role of endogenous autolytic peptidoglycan hydrolase enzymes is given in the companion paper (11) . Interactions of the anions at a specific site(s) likely involve electrostatic interactions, as suggested by Metcalf and Deibel (22) . The sequence of anion potency results obtained in these studies indicates also that hydrophobic interactions may be involved (30, 31) . Future experiments designed to study the interactions of lysozyme and inorganic anions with protoplasts which have recently been prepared for S. mutans BHT (24) may provide an understanding of the mechanism(s) involved in the lysis process.
Dislodgment of lysozyme apparently precedes the loss of cellular DNA (25) (Fig. 1) . Although initial HEWL dislodgment and lysis appear to be related in these experiments, it is possible that lysis takes place simply by physical shock through salt-induced shrinkage of the cell wall (21, 23 in the expected anion series order. Interestingly, sodium fluoride caused a decrease in cell turbidity under the experimental conditions (Fig. 6 ). This decrease in optical density was more dramatic with sodium chloride (Fig. 6) , and yet the amounts of DNA that could be measured in the assay at either 0.097 M NaF or 0.097 M NaCl and 143 ,ug of HEWL per ml were minimal ( Fig.  2 and 4) . The relationship of turbidimetric reductions and DNA quantitation to the lytic process therefore requires further clarification. Furthermore, the results with fluoride and chloride would suggest that although a certain percentage of the HEWL can be either rapidly released or maximally released over time, lysis does not necessarily ensue, despite the apparent correlation of initial HEWL dislodgment with cell lysis. One possible explanation for these results is that HEWL interacts with various cell membrane components with different affinities in such a way that very-high-affinity HEWL-membrane binding sites are not altered satisfactorily to release critical HEWL molecules, stabilizing the cell against lysis.
An interesting observation noted in our experiments was that low salt concentrations (for example, 0.036 M) could liberate more DNA from S. mutans BHT treated with lower as compared with higher HEWL concentrations ( Fig. 7 and 8 ). This presumably reflected the amount of HEWL bound per cell. At higher HEWL concentrations, in comparison with lower concentrations, more enzyme is bound to the cell (25, 26 Fig. 7 and 8) , as lysis may rise sharply when a critical amount of lysozyme has been dislodged from the cell by an appropriate concentration of anion, which in turn would permit the efflux of DNA.
Damage to both the cell wall and the cell membrane is likely required for cell lysis to occur, although it is as yet by no means clear where and what on the cell surface must be "digested" or "destabilized" before lysis ensues. This suggestion has been proposed previously by other investigators for penicillin-lytic bacterial systems (10, 18, 27) and is discussed in light of recent results obtained from our laboratory (11) . Further investigations of the mechanism of lysozyme-inorganic salt lysis should prove fruitful in understanding lysozyme's potential in vivo antibacterial role. 
